Introduction
Once identified as an opioid receptor subtype, sigma-1 receptor (σ1R) is now recognized as an intracellular ligand-regulated chaperone protein that resides at the mitochondria-associated endoplasmic reticulum membrane (MAM) Su, 2007, Su et al., 2010) . After activation, σ1R traffics to various subcellular compartments including the plasmalemma and regulates diverse functions (Su et al., 2010) . The σ1R is found in a range of tissues, including the central nervous system (Alonso et al., 2000 , Matsumoto, 2007 , where σ1R modulation of neuronal ion channels and activity is associated with neurological and psychiatric conditions (Kourrich et al., 2012) . We have recently demonstrated that σ1R is also present in the peripheral nervous system, in both sensory neurons and satellite glial cells of the dorsal root ganglion (DRG) (Bangaru et al., 2013) . The σ1R has been shown to modulate opioid activity, by which σ1R activation reduces opioid analgesia (Chien and Pasternak, 1994) , while σ1R blockade potentiates opioid analgesia Pasternak, 1995, Mei and Pasternak, 2002) .
A direct involvement of σ1R in pain processing is also evident by modulation of hyperalgesic responses after nerve injury. Specifically, intrathecal injection of σ1R antagonists, such as BD1047 or S1RA, reduces painf behavior after peripheral nerve injury (Roh et al., 2008b , Romero et al., 2012 , whereas σ1R knockout mice reduces central sensitization and diminishes hyperalgesic responses after injury (de la Puente et al., 2009) . Additionally, blockade of σ1R can prevent chemotherapy-induced neuropathic pain (Nieto et al., 2012) . Finally, formalin and capsaicin induced inflammation pain is attenuated by σ1R knockout and by σ1R antagonist administration (Cendan et al., 2005 ). Together, these findings suggest that σ1R plays an important role in pain modulation.
Voltage-gated calcium channels (VGCCs) control critical neuronal functions including development, excitability, and synaptic transmission (Catterall, 2011) . The σ1R is a recognized This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 2, 2014 as DOI: 10.1124/jpet.114.214320 at ASPET Journals on July 10, 2017 jpet.aspetjournals.org Downloaded from J P E T # 2 1 4 3 2 0 6 component of homeostatic system regulating cytoplasmic Ca 2+ concentration (Hayashi et al., 2000 , Hayashi and Su, 2007 , Kourrich et al., 2012 . Specifically, σ1R agonists inhibit activityinduced Ca 2+ influx through direct interactions with L-type VGCCs (Hayashi et al., 2000 , Tchedre et al., 2008 , Mueller et al., 2013 . Our previous findings demonstrate that painful peripheral nerve injury decreases I Ca through sensory neuron VGCCs (Hogan et al., 2000 , McCallum et al., 2006 , and increases neuronal excitability (Lirk et al., 2008) . Thus, it is possible that σ1R activation is a component of the processes leading to neuropathic pain. Since this hypothesis has not previously been tested, we examined the regulation of VGCC function by σ1R activation in sensory neurons using the spinal nerve ligation (SNL) model of neuropathic pain (Kim and Chung, 1992) . This model results in two populations of neurons, specifically the fifth lumbar (L5) DRG neurons that are directly axotomized by the ligation, and the L4 neurons whose peripheral processes are exposed to the inflammatory effects of the degenerating L5 axonal fragments.
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JPET Fast Forward. Published on June 2, 2014 as DOI: 10.1124/jpet.114.214320 at ASPET Journals on July 10, 2017 jpet.aspetjournals.org Nerve injury. Rats weighing 125 to 150g were subjected to SNL modified from the original technique (Kim and Chung, 1992) . Specifically, rats were anesthetized with 2% isoflurane in oxygen and the right paravertebral region was exposed. The L6 transverse process was removed, after which the L5 and L6 spinal nerves were ligated with 6-0 silk suture and transected distal to the ligature. To minimize non-neural injury, no muscle was removed, muscles and intertransverse fascia were incised only at the site of the two ligations, and articular processes were not removed. The muscular fascia was closed with 4-0 resorbable polyglactin sutures and the skin closed with staples. Control animals received skin incision and closure only. After surgery, rats were returned to their cages and kept under normal housing conditions with access to pellet food and water ad lib. In all animals subjected to nerve injury, anatomically correct SNL was confirmed at the time of tissue harvest.
Sensory testing. We measured the incidence of a pattern of noxious stimulus-induced hyperalgesic behavior, which is a specific neuropathic-related pain behavior that we have previously documented to be associated with conditioned place avoidance (Hogan et al., 2004 , Wu et al., 2010 et al., 2007 , Wu et al., 2008 , Duncan et al., 2013 and fully blocks L-type currents (Xu and Lipscombe, 2001 
Results
A total of 41 rats were used for the study, of which 26 were Control animals and 15 were SNL.
The frequency of hyperalgesic responses after noxious punctate mechanical stimulation was 38±5% in SNL rats compared to 0% in Control rats (P<0.001). Within a single testing session, we saw no pattern of accumulating sensitivity or accommodation to the stimuli. The accuracy of the SNL surgery was confirmed at the time of tissue harvest in all SNL animals. While the SNL model alters pain behavior within a few days Chung, 1992, Hogan et al., 2004) , we have chosen to focus on the chronic phase (21 days) of neuropathic pain. This time point also allowed us to correlate our findings with previous study that had used that time point (Bangaru et al., 2013) .
σ1R activation diminishes I Ca through VGCC. We have shown that σ1R is present throughout the DRG including sensory neurons and satellite glial cells (Bangaru et al., 2013) . To explore whether I Ca in sensory neurons is modulated by σ1R, we first used a step voltage protocol. In
Control DRG neurons, we found that both the PTZ and DTG reduced I Ca with in a dosedependent fashion ( Fig. 1A-D) . The EC 50 for I Ca blockade was 153.5±0.0 for PTZ and 237.7±0.1 μM DTG, with maximal observed blockade of approximately 74% and 70% ( Fig. 1C and D sensory neuron somata after axotomy in the SNL model (McCallum et al., 2006) , and to avoid possible non-specific effects of high dose exposure to σ1R agonists such as DTG (Matsumoto et al., 1995) . To validate that the observed action of PTZ and DTG on I Ca was via activation of the σ1R, we tested whether their effects were sensitive to blockade selective σ1R antagonists (BD1047 and BD1063) (Matsumoto et al., 1995 , Su et al., 2010 .
To avoid possible non-selective effects of higher doses BD1047 and BD1063, a low dose of antagonist i.e. 10µM (Mueller et al., 2013) was used, which itself has no effect on I Ca per se. We observed that DTG modulation of I Ca was prevented by prior incubation with BD1063 (10µM) ( Fig. 2A) . Although PTZ modulation of I Ca was incompletely blocked by BD1063, we confirmed the specificity of PTZ by blockade using a related σ1R antagonist BD1047 (10µM) ( Fig. 2B) .
Both antagonists had minimal direct effect on I Ca (BD1047, 3.8±2.6% inhibition, n=5; BD1063, 3.2±2.1% inhibition, n=5). These data indicate that PTZ and DTG modulate I Ca through the activation of σ1R.
Mechanism of the σ1R activation on I Ca kinetics. From I-V relationship, whole cell I Ca diminished significantly after PTZ (50μM) and DTG (100μM) bath perfusion ( Fig. 3A) , with peak current density diminished from -132.1±5.7 at baseline compared to -95.1±6.6 pA/pF (p<0.05) after PTZ treatment, and from -145.6±18.8 at baseline compared to -101.3±7.8 pA/pF (p<0.05) after DTG treatment. Boltzmann analysis revealed a reduction of G max of approximately 25% by PTZ and approximately 31% by DTG ( Fig. 3A) . We further characterized their effect on voltagedependent activation, which showed a hyperpolarized shift of activation ( Fig. 3B) The kinetics of inactivation was next studied during a simple step voltage command and was fit with a two-exponential function (τ 1 and τ 2 ). Although no significant change was noted in the initial fast phase (baseline 0.17±0.02s vs. 0.15±0.02s after PTZ; baseline 0.14±0.01s vs.
0.13±0.01s after DTG), both PTZ and DTG decreased the slow phase constant (τ 2 ) ( Fig. 3D) .
Together, these findings indicate that σ1R activation in sensory neurons reduces G Max , reduces the current available at each V m , and accelerates the rate of I Ca inactivation, which will have the effect of decreasing I Ca during neuronal function. However, σ1R ligands also result in VGCC activation at less depolarized V m , which would lead to greater current generation with neuronal firing.
Selectivity of the σ1R effect on VGCC subtypes. Sensory neurons express a range of highvoltage-activated channel subtypes, including a predominance of N-type and L-type, and a smaller representation of P/Q-and R-type currents, as well as LVA T-type currents (McCallum et al., 2011) . In order to identify the VGCC subtypes that contribute to the changes noted above, . 4B ), demonstrating non-selectivity of σ1R regulation across VGCC subtypes and inhibition of the major HVA current subtypes in sensory neurons (McCallum et al., 2011) . T-type I Ca , isolated by blockade of HVA VGCCs and depolarizations to -30mV, also showed sensitivity to PTZ (Fig. 4C, D) .
Effect of sensory neuron axotomy on σ1R regulation of I Ca . σ1R antagonism attenuates behavioral manifestations of pain in experimental traumatic neuropathy (Roh et al., 2008b , Romero et al., 2012 . Since, painful nerve injury is accompanied by reduction of I Ca in axotomized sensory neurons (Hogan et al., 2000 , McCallum et al., 2006 , which in turn results in elevated sensory neuron excitability (Lirk et al., 2008) , our new finding of σ1R regulation of I Ca raises the possibility that σ1R activation contributes to pain after nerve injury by elevated sensitivity of injured neurons to σ1R agonists. To test the hypotheses, we determined if sensitivity of I Ca to σ1R agonists is increased in injured neurons. Consistent with our previous findings (Hogan et al., 2000 , McCallum et al., 2006 , baseline I Ca was depressed in axotomized L5 sensory neurons after SNL. Treatment of these neurons with PTZ (50μM) and DTG (100μM) further diminished I Ca and G max (Fig. 5A) . Voltage dependence of activation was shifted in hyperpolarized direction by PTZ but not by DTG, while steady state inactivation was shifted left for both agonists ( Fig. 5B and C) . Slope factor K was unchanged except for a small increase for activation during DTG (baseline 3.14±0.35 vs. 3.80±0.41 for DTG; p<0.05). Kinetics of inactivation showed decreased τ 2 after PTZ and DTG administration, as well as decreased τ 1 after DTG (Fig. 5D) . Thus, the ability of σ1R agonists to modulate I Ca persists after neuronal injury. We further analyzed whether the size of these effects of σ1R activation are altered after injury. While most effects in injured neurons were comparable in scale to Control neurons, σ1R
activation by DTG produced an enhanced shift of the V 1/2 of steady state inactivation and accelerated the slow phase of I Ca inactivation (reduced τ 2 ) after axotomy (Table 1) . This heightened action of σ1R would have the effect of reducing I Ca further in injured neurons.
Whereas the σ1R antagonist BD1063 did not affect peak I Ca in Control and non-injured 4 th lumbar (L4) neurons after SNL ( Fig. 6A and B) , we found increased peak I Ca in SNL L5 neurons following σ1R antagonism (Fig. 6C) . This supports the view that ongoing σ1R activation contributes to suppression of I Ca in sensory neurons after injury.
This article has not been copyedited and formatted. The final version may differ from this version. 
Discussion
Our interest in identifying the functional effects of σ1R activation stems from our recognition of their expression in DRG sensory neurons (Bangaru et al., 2013) , combined with behavioral studies demonstrating analgesia of σ1R blockade following nerve injury (Roh et al., 2008b , Romero et al., 2012 . Several key findings emerge from our examination of σ1R effects in control and injured sensory neurons. We show that σ1R activation inhibits I Ca through actions on multiple VGCC subtypes. Furthermore, nerve injury is accompanied by amplified σ1R
suppression of VGCCs, based on the finding that σ1R antagonist augments I Ca in SNL L5 but not in control neurons. We have noted prolonged hyperalgesia after SNL (at least 10 weeks, see (Kim and Chung, 1992) ), but have not yet extended our σ1R analysis to this time frame.
Together, these observations suggest that σ1R regulates Ca 2+ influx during sensory neuron activity and participates in generating neuropathic pain.
In sensory neurons, L-and N-type currents contribute the majority of I Ca (McCallum et al., 2011) . , 2012) . We demonstrate that σ1R inhibits multiple VGCC subtypes in sensory neurons based on the findings that sensitivity of HVA to σ1R agonist remains during nimodipine and GIVA blockade and isolated T-type current can be inhibited by σ1R agonist. Activation of σ1R inhibits VGCCs but also alters their kinetics. Unlike other VGCCs inhibitors (Catterall, 2011) , σ1R
agonists decrease channel G max but also shift the activation and inactivation curves in a hyperpolarized direction, as has also been observed in sympathetic and parasympathetic peripheral neurons (Zhang and Cuevas, 2002) . The leftward shift of the voltage dependence of activation would generally result in larger currents during neuronal depolarization, although the Why high doses (≥100μM) of σ1R agonists are required on voltage-gated ion channel (Church and Fletcher, 1995 , Lupardus et al., 2000 , Zhang and Cuevas, 2002 compared to its high receptor affinity (McCann et al., 1994 , Matsumoto, 2007 , Su et al., 2010 is not clearly understood. This could be due to the influence of the cellular environment such as σ1R binding partners, post-translational modifications, isoform variations in σ1R (Shioda et al., 2012), or direct interaction with the VGCC independent of the σ1R high affinity binding site (Church and Fletcher, 1995, Tchedre et al., 2008) . Although, non-specific effects by high concentration σ1R
agonist cannot be ruled out, blockade of σ1R agonist effects on I Ca supports our view that agonist action on I Ca represents a relevant specific interaction between σ1R and I Ca .
The means by which σ1R controls Ca 2+ channel function is unknown. Upon activation, σ1R
relocates from MAM to plasmalemma (Su et al., 2010) . This process requires approximately 10min for initiation of σ1R-dependent secondary signaling (Brent et al., 1997 , Hayashi et al., 2000 . Our observation of a much quicker onset time (2-3min) for σ1R activity suggests an effect at the level of the plasmalemma directly on VGCCs, as has also been shown in other , 2000) . Alternatively, σ1R located in MAM may be positioned adequately close to the plasmalemma for rapid ligand activation. In addition to the rapid σ1R action, further evidence for a direct interaction between σ1R and VGCCs is the lack of an effect on the slope of voltagedependent activation and steady-state inactivation of VGCCs, which would be expected if σ1R
acted through signaling pathways such as G-protein and protein phosphorylation (Mavlyutov et al., 2010) . Our data thus support a close proximity interaction between the σ1R and VGCCs.
A distinct feature of sensory neurons is that lowered inward I Ca has the dominant, overriding effect of decreasing outward current through Ca 2+ -activated K + channels, thus reducing afterhyperpolarization (AHP) and thereby increasing excitability (Malmberg and Yaksh, 1994) .
Following nerve trauma, I Ca is reduced in DRG neurons (Hogan et al., 2000 , McCallum et al., 2006 , which leads to decreased activation of Ca 2+ -activated K + currents. The resulting loss in Can the actions of σ1R on VGCCs account for the loss of I Ca following nerve injury? Although expression of σ1R protein is decreased in axotomized sensory neurons (Bangaru et al., 2013) , we show that σ1R agonists influence the function of I Ca in injured neurons at a level equal to or greater than in control neurons ( Table 1) . From this, we infer that the per-receptor efficacy of σ1R signaling is amplified following injury, and that the intrinsic activity of σ1R antagonist is increased after axotomy. In addition, the sensitivity of I Ca to σ1R blockade after injury (Fig. 6) reveals (Hogan et al., 2008 , Lirk et al., 2008 . We have identified loss of I Ca in sensory neuron somata as a reliable consequence of painful nerve injury (Hogan et al., 2000 , McCallum et al., 2006 , McCallum et al., 2011 that, like σ1R activation, acts through all VGCC subtypes. Thus, σ1R may provide a useful target for analgesia therapy in painful neuropathy. McCann DJ, Weissman AD, Su TP (1994) Sigma-1 and sigma-2 sites in rat brain: comparison of regional, ontogenetic, and subcellular patterns. Summary data of I Ca inhibition were derived from the current density, which was normalized to its baseline current density. Mean±SEM; number in bars represents the sample size; ***p < 0.001. 
